We describe here a simple device for dielectrophoretic concentration of marine microalga Karenia brevis nonmotile cells, followed by electric field-mediated lysis for RNA extraction. The lysate was purified using magnetic beads and pure RNA extracted. RNA quality was assessed off-chip by nucleic acid sequence-based amplification and the optimum conditions for lysis were determined. This procedure will form part of an integrated microfluidic system that is being developed with sub-systems for performing cell concentration and lysis, RNA extraction/purification and real-time quantitative RNA detection. The integrated system and its components could be used for a large range of applications including in situ harmful algal bloom detection, transcriptomics and point-of-care diagnostics.
INTRODUCTION
Certain marine algae form harmful algal blooms (HABs) which are deleterious to ecosystems and can lead to major financial losses for fishery, tourism and healthcare industries, estimated at E584 millions in the European Union for 2005 [1] . Monitoring of HABs requires in situ sensors of high temporal and spatial resolution, reliability and accuracy that can withstand long-term deployment [2] . Typical deployment requirements are in the order of one year and critical factors are reagent consumption, power requirements and waste storage [3] .
Studies have already shown that RNA amplification with nucleic acid sequence-based amplification (NASBA) is particularly suitable for early detection of Karenia brevis [4] and Karenia mikimotoi [5] on a macro-scale. NASBA is an isothermal process of nucleic acid amplification which occurs at 418C, combines high amplification and rapid analysis and requires only the total lysate for analysis [6] . Hence, development of a miniaturized cell-lysis system would be both useful and profitable for NASBA-based lab-on-a-chip (LOC) seawater analysis systems. Microfluidic sample extraction [7, 8] , detection and analysis of nucleic acids [9 -11] and optical detection systems for biosensor applications [12] have been thoroughly reviewed.
Cell lysis is defined as the disruption of cell membrane by physical, chemical, mechanical, thermal or enzymatic means in order to obtain intracellular materials [13] . Once cells are lysed, nucleic acids can be extracted and purified for further analyses using amplification methods such as polymerase chain reaction (PCR) for DNA, reverse transcriptase PCR (RT-PCR) or NASBA for RNA. Physical lysis includes osmotic shock and pressure; while mechanical methods rely on breakdown of cell membranes by shear and wear. A miniaturized mechanical lysis system with high efficiency has been demonstrated [14] . Detergents, solvents and antibiotics are used for chemical lysis in order to solubilize lipid membranes, both plasma and organelle. The chemical lysis method is the most commonly used in laboratories, with well-established bench-top protocols [15] , which often include additional steps in order to remove excess surfactant from the total lysate. Micro-fluidic devices using this technique are available [16] . A combined physical and chemical lysis device employing electrochemically generated hydroxide ions acting as alkaline lytic agents has been shown [17] . Thermal lysis denatures proteins but leaves nucleic acids intact, and the Motorola Laboratories (USA) have developed a fully integrated chip using this method [18] . The state-of-the-art in lysis microfluidic devices has been recently reviewed [19] as well as single cell lysis on-chip [20, 21] and general micro-electromechanical systems that include lysis steps [22, 23] .
In order to obtain all sub-cellular materials without the complications of chemical and mechanical lysis, we developed a simple electric field-based cell concentration and lysis method that could be incorporated within a complete microfluidic RNA extraction and amplification system. Cells are concentrated at electrodes using dielectrophoresis (DEP) [24] , and then lysed using high strength electric field [25] . Electroporation of cell membranes was first presented in 1965 [26] and its theory has been reviewed [27] . Since then several microdevices have been developed for electroporation. Electric field-mediated lysis was observed by microscopy for yeast and plant protoplast cells [28] . Human hepatocellular carcinoma cells transfected with green fluorescent protein genes were lysed on-chip by electroporation in a continuous flow microchip [29] . Single-cell electroporation of human prostate adenocarcinoma cells, reported by infiltration of YOYO-1 nucleic acid stain that cannot pass through intact cell membranes, has been demonstrated on-chip [30] . A micro-electroporation device was used to lyse human colon carcinoma cells, confirming lysis with a vital stain of acridine orange and propidium iodide (PI) [31] . Single plant protoplast cells as large as 85 mm were captured and lysed using two pairs of electrodes inside a pinched microchannel by applying an alternating voltage [32] . Pulsed discontinuous current lysed Bordella pertussis bacteria and lysis was validated by DNA recovery using real-time PCR [33] . Most recently, a similar device was described for the isolation and electroporation of A431 human epithelial carcinoma cells [34] .
In this article, we have demonstrated concentration and electric field-mediated cell lysis of the phytoplankton K. brevis followed by extraction and amplification of RNA using bench-top NASBA methods. Generally, these cells are extremely difficult to lyse because they produce robust cysts. Cell lysis was confirmed by PI infiltration and by RNA yield, purity and quality based on absorbance spectrophotometry and amplification efficiency by NASBA.
EXPERIMENTAL METHODS

Cell concentration and electroporation
An array of interdigitated electrodes was used to both concentrate cells by DEP and subsequently perform electric field-mediated cell lysis. The micro-electrode chip consisted of a 3 Â 4 mm (length Â width) array of castellated interdigitated electrodes patterned on a 1 Â 1 cm piece of glass. The electrodes were made of platinum with a thickness of 200 nm. The width and gap of micro-electrodes were 20 mm. Karenia brevis cells were attracted and trapped to the electrodes by positive DEP using an AC single phase of variable voltage and frequency. Lysis was performed using a high voltage, amplified with a Trimate AC generator (Model 1000A, Engler Engineering, USA). A miniaturized 3 Â 4 Â 3.5 mm (length Â width Â height) chamber was made from poly-methyl methacrylate (PMMA) and bonded to the microchip to hold the cell suspension.
Cell culture
The K. brevis cell strain was kindly donated by the Purdie laboratory at the National Oceanography Centre (Southampton, UK). The cells were grown in L1 Aquil* artificial seawater media at 208C with 12 L : 12 D at high irradiance. Cell samples were harvested during exponential cell growth. Cell growth was monitored by counting 1 ml culture aliquots fixed in 1 per cent Lugol's solution (Sigma -Adrich, UK) in a Sedgwick-Rafter counting chamber (Fisher Scientific, UK). Cell cultures were used only if cells were larger than 20 mm on the day of the experiment.
Electric field-mediated lysis
A 1 ml aliquot of the cell culture was centrifuged at 20 000g for 1 min and the supernatant was discarded. The cell pellet was re-suspended in 1 ml of iso-osmotic low-conductivity buffer (280 mM mannose, 0.5% Tween, 10.5 mS m
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). The sample was centrifuged and re-suspended three times. The supernatant was discarded without mixing and the pellet was dissolved in 250 ml iso-osmotic low-conductivity buffer to a final cell density of approximately 300 000 cells ml 21 . An aliquot of 42 ml of the iso-osmotic cell suspension was loaded into the PMMA chamber and cells were captured on the micro-electrodes by positive DEP (0.2 MHz, 1 V, 20 s). After the cells were trapped, the voltage and frequency was changed to perform cell lysis. The lysate was collected with a pipette and kept on ice. The process was repeated a further five times to process the 250 ml volume. The lysate was stored at 2208C for the NASBA process. To evaluate the efficiency of this method, the technique was compared with a commercial lysis protocol, which used lysis buffer and chemical extraction described in §2.4.
Assessment of lysis efficiency
Lysis conditions were optimized by observing the uptake of PI into the cells. PI was purchased from Sigma -Adrich, UK and has an excitation wavelength at 535 nm with emission at 617 nm, when DNA is bound to the dye. The PI solution at 50 mM was mixed into the iso-osmotic buffer and the cells observed with a fluorescence microscope during electroporation. Bright field observation of the cells was also conducted to image membrane damage. RNA from the cell lysate was purified using two commercial kits, one using magnetic beads (Nuclisens miniMAG, bioMérieux, The Netherlands) and another using a silica bead matrix (Rneasy kit, Qiagen, UK). The experimental protocols for both RNA extraction kits were followed according to the manufacture's guidelines. The quality of the pure RNA extract was detected using a Nanodrop UV-VIS spectrophotometer (Thermo Fisher, UK). The pure RNA extract was amplified and measured with a bench-top NASBA instrument (EasyQ analyser, bioMérieux, Netherlands). Lysis efficiency was validated against bench-top lysis using a commercial buffer containing chaotropic agent guanidine thiocyanate (Nuclisens Lysis Buffer, bioMérieux, The Netherlands). Conditions for NASBA reaction have been previously described [35] . Cell cultures were lysed on-chip and analysed by NASBA on the same day to avoid degradation of RNA. All experiments were conducted in an RNase free laboratory under a laminar flow cabinet. For long-term storage of RNA, the pure RNA was diluted 1 : 1 in a storage buffer (8 M guanidinium isothiocyanate, 80 mM Tris -HCl at pH 8.5, 24 mM MgCl 2 , 140 mM KCl, 0.4 Units ml 21 RNase Inhibitor) and stored at 2808C.
RESULTS
Cell trapping and lysis
During cell preparation and re-suspension in appropriate buffers, the K. brevis vegetative motile cells formed temporary cysts owing to the mechanical shock of centrifugation and the difference in salinity between seawater (500 mM) and the iso-osmotic low-conductivity buffer (no salt present to reduce the electrical conductivity). Temporary cysts are nonmotile cells without flagella, thus lacking the ability 602 Report. Electroporation for RNA amplification M. M. Bahi et al.
to swim, and form under adverse conditions [36] . Cysts have the same cell contents as vegetative cells [37] but their cell walls consist of cellulose, dinosporin and mucilage arranged in several layers [38] . Also, cysts are much more resistant to alkali and acid treatment [39] and are sufficiently robust to persist as fossils of palaeontological significance [40] .
Temporary cysts were concentrated onto the electrodes using an AC voltage of 1 V and a frequency of 200 kHz, applied for 10 s. Figure 1a shows an image of the phytoplankton cells collecting at the electrode tips by positive DEP in iso-osmotic low-conductivity buffer. Positive DEP was observed for these cells over the range of measured frequencies from 70 to 600 kHz. Below 70 kHz, the cells either did not move or experienced slight negative DEP; frequencies higher than 600 kHz could not be measured because of the limited bandwidth of the amplifiers used in this work. These experimental observations are consistent with the DEP behaviour of viable cells [41 -44] . When a cell is suspended in low-conductivity media (the conductivity of the buffer was 10.5 mS m 21 ), then over an intermediate frequency window of two to three decades, the polarizability of the cell is greater than the medium and positive DEP is observed. At high and low frequencies, the cell becomes less polarizable and experiences negative DEP. After collecting the cells, the frequency and voltage was changed to induce electroporation. Figure 2 shows that upon application of 60 V at 600 kHz, the cells deform and undergo morphological changes, as shown by the sequence of images. Two cells are shown (ringed), immediately after DEP trapping and then 15 s after application of a higher voltage. The figure shows that the cell membranes have been destroyed and the cytoplasm has leaked into the medium. Further confirmation of cell electroporation was obtained by examining the uptake of PI in figure 3 . This molecule is weakly fluorescent in solution but its excitation maximum increases 20-fold when bound to DNA. It is membrane impermeant and is a good indicator of cell plasma membrane damage. Fluorescence images were acquired before and after electroporation at a frequency of 600 kHz and voltage of 45 V. This lower voltage was used to increase the time taken to achieve electroporation to 15 s because at 60 V electroporation was too fast to image. The PI was incorporated into the cells indicating that the membranes are electroporated.
Electroporation has been demonstrated for a wide variety of cell types including Escherichia coli [45] , and occurs when the induced trans-membrane potential exceeds approximately 1 V [44, 46, 47] . The induced trans-membrane voltage is a function of the applied field magnitude and frequency. For the castellated electrodes used in this work, the electric field seen by the cell varies with position, but a typical value of electric field (at 1 V) is of the order 5 Â 10 4 V m
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. The electrical potential that dropped across the cell membrane can be calculated provided the cell dielectric properties are known [48] . There is very little literature describing the dielectric properties of marine organisms, and we did not specifically measure the properties of K. brevis. However, we estimate the trans-membrane potential using values typically found for most cells. At an applied voltage of 60 V, the cell sees a field of the order 3 Â 10 6 V m 21 . For a cell radius of 10 mm , a frequency of 600 kHz and an assumed membrane capacitance of 8 mF m 22 (reported for similar marine alga [49, 50] ), the trans-membrane potential is calculated as 3 V, more than sufficient to cause dielectric breakdown of the membrane and complete cell lysis [44, 46] . The experimental conditions used for cell lysis were selected to maximize the applied voltage dropped across the cell membrane. If the frequency is too high, the field is no longer dropped across the membrane, while at low frequencies the electrical potential in the suspending medium is reduced owing to electrode polarization. For this reason, a frequency in the region of 600 kHz was used.
NASBA analysis was used to quantify the lysis efficiency by measuring the amount and purity of extracted RNA. Two different RNA extraction and purification methods were compared, using lysate from electroporated cells. The methods were based on extraction using (i) magnetic beads based on the Boom technology [51] , and (ii) silica beads. The latter is the most commonly used method of RNA extraction and purification, and uses silica beads in packed columns. Magnetic beads are an attractive alternative for miniaturization because they can be easily manipulated within microfluidic systems and have been used with an LOC for DNA extraction [52] . Figure 4a compares these two methods in terms of purity and yield (measured spectrophotometrically) together with the NASBA fluorescence data. It shows that both methods gave RNA of comparable purity; however, the magnetic bead method yielded approximately five times more RNA. The NASBA data show that the RNA is also of better quality because it amplifies more efficiently, as demonstrated by the initial gradient of the curve.
In order to evaluate the effect of sample pre-processing on the RNA yield, the NASBA amplification of cell pellets was performed after centrifugation, sample agitation and re-suspension, but without electroporation. The RNA was purified by magnetic beads and amplified with NASBA. The results shown in figure 4b are for samples after one, two and three centrifugation/wash steps, for three separate experiments in iso-osmotic low-conductivity buffer. The yield and purity data are normalized to the result using a commercial RNA lysis buffer. This was used to extract RNA from the same culture and the same number of cells on the same day, i.e. a positive control. The figure shows that centrifugation/wash steps partially lyse the cells, releasing RNA into the buffer, which can be amplified by NASBA. The amount of RNA is between two and four times greater than that released using commercial lysis buffer ( positive control), and the relative purity is similar (figure 4b).
Cells were also re-suspended in a low-osmolarity medium (water) and then electroporated. The results are shown in figure 4c , and demonstrate that the combination of hypotonic lysis and electroporation yielded a similar amount of RNA to electroporated cells in a low-osmolarity buffer. Electroporation in both lowosmolarity and hypertonic buffers yielded more RNA than using the commercial lysis buffer only. However, the NASBA amplification of the hypotonic electroporation product has lower initial gradient indicating that the RNA was probably highly fragmented when suspended in water.
Quantitative experiments were performed to establish the optimal electroporation conditions suitable for onchip lysis and RNA extraction. The yield and purity of RNA (extracted by magnetic beads) was evaluated for different applied voltages and times. Data summarized in figure 5 show it to be a function of time for three different voltages: 1, 30 and 60 V. The yield and purity data are expressed normalized to control experiments with RNA extracted using the commercial lysis buffer (for the same cell concentration). A negative control experiment indicated that some RNA was always present in the sample, but the amount was small and highly variable. The lowest potential that reduced this variability was 1 V and is therefore the lowest potential for which we report results. Figure 5a shows data for electric fieldmediated cell lysis at 1 V and indicates that RNA yield increases with time of exposure. Increasing the voltage to 30 V or 60 V gives the data in figure 5b,c. The RNA yield is high and comparable to that obtained after 120 s at 1 V (figure 5a). However, for the 30 V data, the yield is approximately twice that obtained using the commercial buffer but diminishes with time. At 60 V, yield is 
also better than the commercial buffer but the RNA degrades with time. Electroporation for longer than 60 s caused boiling at the electrodes and loss of the sample.
CONCLUSIONS AND FUTURE DIRECTIONS
This work has demonstrated dielectrophoretic concentration and electric field-mediated cell lysis of the marine microalga K. brevis. We used temporary cysts, which are non-mammalian targets chosen for their high resistance and the fact that they are difficult to break. For the same reasons, other laboratories have used bacterial spores of Bacillus subtilis and Bacillus thuringiensis, non-pathogenic simulants of anthrax [53, 54] and Bacillus subtilis var. Bacillus niger [55] . Electric field-mediated cell lysis produced a high yield of RNA and in most cases pure RNA with Figure 4 . Assessment of bench-top RNA extraction and purification methods. These data were obtained from 250 ml containing 80 000 cells, electroporated on-chip with a 30 V field at 600 kHz for 20 s: (a) comparison of extraction using magnetic and silica beads in a low-conductivity iso-osmotic buffer: (i) yield (black bars, ng ml 21 ) and purity (grey bars, AU), and (ii) NABSA amplification data. Error bars are the standard deviation of a triplicate experiment. The magnetic beads extraction and purification method produced RNA of comparable relative purity to the silica columns as seen in (i). However, both the yield and NASBA amplification efficiency were far better for the magnetic beads. (b) Effect of three subsequent centrifugation steps before loading the sample on the electroporation chip in low-conductivity iso-osmotic buffer: (i) yield (black bars) and relative purity (grey bars), and (ii) NABSA amplification data. Black diamonds, positive control; white circles, one centrifugation; black triangles, two centrifugations; white squares, three centrifugations. Yield and purity data are normalized to the commercial lysis buffer. The centrifugation steps appear to compromise the NASBA amplification efficiency of the extracted RNA, as seen in (ii), while yield appears to fluctuate counterintuitively with increasing centrifugation steps. (c) Effect of low-conductivity iso-osmotic buffer: (i) yield (black bars) and purity (grey bars), and (ii) NABSA amplification data. Yield and purity data are normalized to the commercial lysis buffer. Electroporation in both the low-conductivity iso-osmotic buffer and in water yielded similar quantities of RNA but more than using a commercial lysis buffer. Both had lower spectrophotometric purity. NASBA data showed RNA degradation in water resulting in a lower initial gradient.
Report. Electroporation for RNA amplification M. M. Bahi et al. 605 amplification efficiency that was higher than the commercial lysis buffer. High voltages did not interfere with the amplification and detection of the RNA target, but yield was diminished after long-term exposure to the field. In terms of developing a system for sensitive and accurate RNA extraction and amplification, the optimum conditions are either a long exposure of cells to a low voltage (120 s, 1 V) or short exposure at higher voltage (1 s, 30 V), both of which give the best quality and quantity of RNA. Cell trapping and capture efficiency was estimated at nearly 100 per cent (ignoring cell losses during experimental manipulation).
The amount of total RNA extracted from each cell using electric field-mediated cell lysis was around 15 pg, well within the expected range of 10-30 pg for typical cells [56] . An assay sensitivity of one cell (or 0.1 fg of RNA) has been reported using bench-top lysis, extraction and amplification methods [35] showing that NASBA can detect and amplify as little as 30 RNA molecules [57] .
Our method has the potential for integration within a complete microfluidic system for sub-cellular analysis of RNA using NASBA. A typical LOC system would include RNA extraction and purification, and realtime quantitative species-specific nucleic acid detection. RNA quantification would be achieved using a synthetic sequence of internal control RNA of known concentration, as used in an existing hand-held NASBA system [4] . 
